Introduction
Photovoltaic effect discovered by the French physicist An− toine−Cesar Becquerel in 1839 is the base of operating of the solar cells in which sunlight energy is converted into elec− tricity. Photovoltaic systems are being developed on the basis of inorganic semiconductors [1, 2] and organic ones [3] [4] [5] . Nowadays, higher efficiency is obtained for inor− ganic photocells. However, vacuum and high−temperature processes which are applied during their fabrication have negative impact on their fabrication costs. And therefore, the price of inorganic photocells is still too high to render them applicable on mass scale. Organic solar cells have presently lower efficiency than their inorganic counterparts, but they have a lot of positive features, such as: low cost, easy manufacturing, non−toxicity, lightness and compatibi− lity with flexible substrates [6, 7] .
In the conversion process of sunlight energy into elec− tricity in an organic solar cell, the following processes can be distinguished [8, 9] : (a) light absorption and generation of excitons, (b) diffusion of the exciton to the D/A (donor/ acceptor) interface, (c) dissociation of exitons at a D/A interface, (d) transport of the free charge carriers to elec− trodes. The efficiency of a solar cell is a product of the effi− ciencies of particular processes [9] [10] [11] . In a solar cell struc− ture, both optical and electrical phenomena are taking place [8] [9] [10] [11] . The achievement of high efficiency solar cells is conditioned by an appropriate selection of materials (espe− cially for the active layer) and by thickness optimization of the constituent layers of the structure. Due to short diffusion path of excitons, the most appropriate are the active layers manufactured from the donor and acceptor blend (D/A) which forms a bulk heterojunction [8, 9, 11] . In the theoreti− cal analysis of photocells, two basic issues are investigated: light absorptions in the active layer and the generation of free separated electric charges which are accumulated on electrodes. In the first case optical models are applied and in the second case electric models. The presented paper invol− ves the optical analysis of solar cell structures. Light absorp− tion in the photocell is a crucial process and it is the most frequently investigated problem with the use of numerical methods [12] [13] [14] [15] [16] . In effect of optical analysis, we can deter− mine optimal thicknesses of constituent photocell layers and define the upper limit of the obtainable photocurrent.
Solar cells consist of multilayer structures, with layers having the thickness of an order of incidence light wave− length. The light illuminating a photovoltaic structure is reflected on particular interphases, and the reflected beams are interfering with one another, forming a stationary wave inside the structure. The location of nodes and antinode of the stationary wave depends on refractive indexes and thick− ness of particular layers. Optical optimization of a solar cell consists in finding such thickness values of component lay− ers for which light intensity within the area of active layer is maximum [12] [13] [14] [15] [16] . Optical substrate is an integral element of each photocell upon which particular solar cell layers are deposited. A part of the incident light is reflected from the substrate, and hence, its refractive index has the influence on the level of light intensity in the active layer of the solar cell. By the application of an antireflection coating, we can reduce the undesirable light reflection from the substrate, and in this way we can contribute to the enhancement of solar cell efficiency. The influence of refractive index of the substrate in the solar cell structure on excitation generation rate was investigated in the earlier work [17] .
The objective of the research studies presented in the article was the optical analysis of photovoltaic cells with an active layer in a form of bulk heterostructure, and in particu− lar the optimization of the thickness of component layers of a photovoltaic cell in view of the effectiveness of exciton generation rate. In effect of the carried out theoretical analy− sis, we determined the relation between the thicknesses of the layer PEDOT:PSS and the active layer for which maxi− mum numbers of generated excitons are obtained. Optical analysis of solar cells has been presented in many papers [12] [13] [14] [15] [16] , but according to the author's knowledge, the rela− tions between the optimal thicknesses of PEDOT:PSS layer and active layer have not been so far presented in the literature.
The paper is organized in the following way. In Sect. 2 we present the analysed photovoltaic structure, complex refractive indexes of particular layers, and we determine the wavelength for which the maximum power of solar radia− tion is absorbed in the active layer material. The applied cal− culation method is described in Sect. 3, and the results of theoretical analysis and their discussion are presented in Sect. 4 . In the theoretical analysis we investigate the influ− ence of the thickness of particular component layers of the photovoltaic structure on distributions of optical electrical fields, excitation generation rate and surface density of gen− erated excitons. In the carried out theoretical analysis, the influence of antireflection coating on these quantities was also allowed for. Figure 1 (a) presents a scheme of the analysed device. A la− yer of indium tin oxide ITO is deposited on glass substrate. It functions as a transparent electrode (it is anode here). Then, upon that layer a polymer layer of poly(3,4−ethyle− nedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) is placed, which is a p−type semiconductor facilitating the col− lection of holes and their transport to anode. The PEDOT: PSS layer is additionally smoothens the ITO surface, seals the active layer from oxygen, and keeps the anode material from diffusing into the active layer, which can lead to un− wanted trap sites [18] . Then comes the active layer which is bulk heterojunction built from the mixture of polythiophene and luminophore from the azaheterocyclic group (Ac_L). In the active layer, strong absorption of light is taking place, as well as the generation/dissociation of excitons and charge carrier diffusion. On the active layer there is a metallic elec− trode made from Al which functions as cathode. Organic photovoltaic structures were earlier fabricated and experi− mentally investigated with the author's collaboration [3, 4] . The reduction of incident light reflection from glass sub− strate can be obtained by covering it with antireflection coating ARC. For a given wavelength, the reflection can be eliminated if the refractive index of the antireflection coat− ing n n ARC b = and its thickness is equal to quarter wavelength. ARC coatings can be fabricated using the sol−gel method from porous silica [19, 20] .
Solar cell and materials
It was assumed in the analysis that the refractive index of glass substrate is real, whereas the refractive indexes of the remaining layers of photovoltaic structure are complex. Solar cell is on both sides surrounded by air of the refractive index n c = 1.0003. Figure1 is out of scale. The thickness of glass substrates in solar cells is commonly~1 mm, and the thickness of the remaining component layers is of the order of a fraction of the incident light wavelength. Since the coherence path of solar radiation is~800 nm [21] , the inter− ference in the analysed device can only take place between the optical waves reflected from particular interphases of the photovoltaic structure and between the waves reflected from border surfaces of the antireflection coating ARC. The wa− ves reflected from the antireflection coating ARC (or from the interphase glass/air with missing ARC) and from the photovoltaic structure are not interfering with each other, but their intensities add up.
Complex refractive indexes (~) n n j = + k of the particular layers of the photovoltaic structure are presented in Fig. 2 . The layers as a blend of polythiophene and luminophore from the azaheterocyclic group were made up by author and their complex refractive index was determined with a spec− troscopic ellipsometer Wollam M2000. The complex refrac− tive indexes of the remaining layers were taken from litera− ture; for ITO from Ref. [22] , for PEDOT:PSS from Ref. [23] and for Al from Ref. [24] . The maximum of the extinction index for the active layer falls upon the wavelength of 430 nm and is equal to 0.17.
The time average of the power P abs absorbed in j−th layer with the absorption coefficient a, illuminated with solar radiation of the intensity I 0 at normal incidence is equal to P I abs j = a 0 .
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Opto−Electron. Rev., 22, no. 2, 2014 © 2014 SEP, Warsaw (1)]. It can be observed that for the wavelength l = 450 nm, the maximum power of solar radiation is absorbed. For that wavelength a theoretical analysis of photovoltaic structures was carried out, whereof results are presented below.
Calculation routine
Optical transfer matrix methods are very useful in the analy− sis of the multilayer optical structures [26] [27] [28] [29] [30] . In the theo− retical analysis of a solar cell was used the optical transfer matrix 2×2 method [26, 31] . It was assumed in the analysis that the materials of the component layers are non−mag− netic, isotropic and their refractive indexes are complex n n j j j j = + k . Additionally, it was assumed in the analysis that particular layers are homogeneous and the interface sur− faces are smooth and do not cause light dissipation. The cal− culations were carried out for the perpendicular (q = 0) and oblique light incidence.
In the arbitrary j−th layer of the solar cell structure, there occur waves running in the positive direction of the axis "x", as well as in the negative direction of the axis "x" [(Figs. 1(b) and 1(c)]. Hence, the resultant amplitude of the electric field in the arbitrary plane ¢ x of this layer is equal to
The vectors of the electrical field and magnetic field of incident and reflected optical waves are presented respec− tively in Fig. 1(b) for p−polarization and in Fig. 1(c) for s−polarization. The values of electrical field in the j−th layer, in arbitrary plane ¢ x for incident and reflected waves are defined respectively by the following expressions [12] 
) 0 is the internal transmittance index and ¢¢ r j is the internal reflection coeffi− cient from the system of layers occurring on the right side of the border (j-1)j of the layer j. The intensity of light in the j−th layer can be written as [32] 
where for s−polarization
T 1 stands here for the transmittance of the interface air/glass, h is the index allowing for the absorption of sub− strate, and R 1 * and R 2 are reflectances when the light falls from the side of glass substrate, respectively on the inter− phase glass/air and on the photovoltaic structure. The sec− ond factor on the right side in Eq. (5) age power absorbed in the plane ¢ x , in the material of the ab− sorption a j is
Whereas the time averaged exciton generation rate as a function of position ¢ x in j−th layer is
where c j is the quantum efficiency of exciton generation and h is the Planck constant. G j ( ¢ x ) is in the units m -3 s -1 and it stands for the number of generated excitons in unit volume, in time unit. It was assumed in the analysis that the quantum efficiency of exciton generation is equal to unity c = 1. It means that the number of generated excitons in volume unit is equal to the number of absorbed photons in volume unit for the same time. Within the scope of the theoretical analy− sis we determined the distributions of the normalized mo− dulus of the optical electric fields E x E ( ) 2 0 2 inside pho− tovoltaic devices, distributions of exciton generation rate G(x) and surface densities of generated excitons, defined as
where d is the thickness of active layer. Surface density of the generated excitons is the number of excitons generated in unit time, in the layer of active photovoltaic structure of unit surface. Dashed lines were used to draw out the calculated dis− tributions of the normalized modulus squared of the optical electric fields calculated for photovoltaic structure with an− tireflection coating ARC. We can observe nodes and antino− des of the stationary wave in the photovoltaic structure, which were brought about by the interference of incident and reflected optical waves. For the incidence angle of q = 60°the antinods and nodes for the polarizations s and p are in different places. It results from the fact that different polarizations correspond with different phase jumps during the reflection of waves on particular interphases in the pho− tovoltaic structure. When the illumination angle of the pho− tovoltaic structure is growing, then the distances between nodes and between antinods are also growing. During the reflection of light at the border Ac_L/Al, a change of phase by~180°is taking place, which has destructive impact on interference and hence there is a node at this border. For p−polarization at the border active layer/ Al for oblique illumination of the structure, there occurs a jump of electric field. It can be observed that the presence of antireflective coating ARC in the solar cell insignifi− cantly contributes to the rise of electrical field intensity with perpendicular illumination. With oblique illumination, the ARC coating shows higher contribution to the improvement of field size in the structure in the case of s−polarization as compared to p−polarization. It results from the fact that for p−polarization, reflective indexes are lower than those for s−polarization. Figure 5 presents density distributions of the generated excitons in the analysed photovoltaic structure for s−pola− rization. Solid lines were used to draw out the characteris− tics for the structure without antireflection coating, and dashed lines for the photovoltaic structure with antireflec− tion coating ARC. It can be observed that excitons are gene− rated principally in the active layer. It is also clearly visi− ble that the oblique illumination of photovoltaic structure corresponds with lower densities G(x) of the generated excitons, which results from the dependence of electrical field distributions in the structure on its illumination angle (Fig. 4) .
Calculation results and discussion
The influence of the thickness of ITO layer on surface density of the generated excitons is illustrated in Fig. 6 . Fig−  ure 6 presents the dependence of surface density of the gen− erated excitons on the thickness of active layer when the thickness of PEDOT:PSS layer is 100 nm. The thickness of ITO layer is the parameter for the particular dependences. We can observe the oscillations of the value G surf which have been effected by the change of interferential field dis− tributions in photovoltaic structure along with the change of active layer thickness. The characteristics are normalized up to the level of G surf which corresponds to infinitely thick active layer. Here, the characteristics can obtain the level close to unity for each of ITO thicknesses taken into ac− count, when the thickness of the active layer is above 250 nm. Typical thicknesses of ITO layers on glass sub− strates which are commercially available are 120 nm. They can be certainly thinned down through chemical etching, yet another technological process has to be applied. The above fact, as well as the calculation results decided that in further calculations we assumed constant thickness of ITO layer d ITO = 120 nm. Figure 7 presents the influence of the thickness of the active layer on the density of generated excitons. The thick− ness of the PEDOT:PSS layer is here the parameter for par− ticular dependences. The presented dependences are nor− malized to unit value for infinitely thick active layer. We can observe interferential maximums and minimums on the characteristics. The first maximum occurs for the thickness of active layer above 50 nm. For the thickness of PEDOT: PSS layers, equal to 40 nm and 60 nm, respectively, the maximum values of G surf reach the level of~0.8 with the thickness of active layer being~100 nm. In the second max− imum for the thickness of PEDOT:PSS layer equal to 60 nm, surface density of the generated excitons reaches the value close to unity for the thickness of active layer being 220 nm. It can be observed that for certain thicknesses of active layer above 320 nm, surface density of the generated excitons can be higher than in the case of infinitely thick layer. This advantageous situation has been effected by the interference of light in photovoltaic structure and by the for− mation of interferential maximums in the area of active layer. Figure 8 presents the dependences of surface density of excitons on the thickness of PEDOT:PSS layer. Here we present absolute values of G surf which correspond to the illu− mination of the structure with light of the wavelength of 450 nm and of unit intensity. This time the thickness of active layer is the parameter for particular dependences. It can be observed that these dependences are of periodic char− acter. The curve A is guided through the first maxima from the left on particular runs. The curve B was guided through the second maxima. Within the PEDOT:PSS thickness range allowed for in Fig. 8 there is still one more maximum. However, to maintain the clarity of tics in this range have not been drawn out. Using the here presented method, we determined the dependences between the thicknesses of PEDOT:PSS layer and active layer Ac_L, which correspond to maximum surface densities of the gen− erated excitons. These dependences are presented in Fig. 9 . It can be observed from the comparison of calculation results presented in Figs. 8 and 9 that by the application of PEDOF: PSS layers of the thickness up to 70 nm and active layers of the thickness within the range from 80 nm to 140 nm (Fig. 9 , dependence A) in photovoltaic structures, we can obtain maximum densities of generated excitons at the level of~2.4×10 14 cm -2 s -1 (Fig. 8) . For larger thicknesses of active layer, within the range from 190 nm to 240 nm, and for the thickness of PEDOF:PSS layer below 100 nm ( Fig. 9 dependence B) we can obtain maximum densities of gener− ated excitons at the level of 3.1×10 14 cm -2 s -1 (Fig. 9 ). Of course, only when the relations between layer thicknesses presented in Fig. 9 are satisfied. The extinction coefficient of active layer depends on the applied donor or acceptor material. The value of extinction coefficient can be controlled through an appropriate selec− tion of proportions of acceptor and donor when preparing blende on the active layer. The influence of extinction coef− ficient on the surface density of the generated excitons is presented in Fig. 10 . The dependences were drawn out assuming the layer thicknesses of ITO(120nm)/PEDOT: PSS(60nm) /Al(100nm). The particular characteristics were calculated assuming that the extinction coefficient of active layer is a respective multiple of extinction coefficient pre− sented in Fig. 2 . The accepted multiples were marked in Fig. 10 . It was assumed in the calculations that the refractive index of active layer is the same as that presented in Fig. 2 . Hence, the successive interferential minimums and maxi− mums on particular characteristics occur with the same thicknesses of active layer. For the extinction coefficient threefold higher than the one allowed for in earlier calcula− tions, the exceedance of unit value by the normalized sur− face density of the generated excitons is taking place for the thickness of active layer equal to 85 nm. For the thickness of active layer of 220 nm, the exceedance of unit value by G surf is taking place already for the extinction coefficient 1.5 times higher than the one allowed for earlier (Fig. 2) . Figure 11 presents the calculated distributions of the normalized modulus squared of the optical electric fields inside two different photovoltaic devices. Figure 11 (a) pres− ents the calculation results for a photovoltaic structure with active layer of the thickness of 220 nm. As it can be obser− ved, for this photovoltaic structure, in the area of active layer there are two antinodes, both for perpendicular illumi− nation and for oblique illumination at the angle of q = 30°. For the illumination at the angle of q = 60°the arrows are moved even more to the left, and one of them occurs at the border PEDOT:PSS/Ac_L. Figure 11 30°there is one antinode in the active layer. For p−polariza− tion, for the illumination angle of q = 60°we can see a large jump of the squared electric field intensity at the border of the PEDOT:PSS layer. Density distributions of the gener− ated excitons for the discussed photovoltaic structures are presented in Fig. 12 . As in all previous cases, we can observe here the influence of the illumination angle of the structure and light polarization on density distributions of excitons. In the second case [ (Fig. 12(b) ] the maximum den− sity of the generated excitons in the active layer is over twofold higher than in the case presented in Fig. 12(a) .
The results of theoretical analysis presented here illus− trate the influence of the thickness of component layers of photovoltaic structure and extinction coefficient of active layer on the distributions of the normalized optical electrical fields, exciton generation rate and surface density of gener− ated excitons. In the presented analysis we endeavoured to demonstrate optimal parameters of a photovoltaic structure in terms of surface density of generated excitons. High sur− face density of generation excitons is the condition to acqu− ire high efficiency of the device. However, when selecting the thickness of component layers of photovoltaic structure we should not limit ourselves to the effects of light absorp− tion and generation of excitons in the active layer. We should also take into account the phenomena of exciton dif− fusion and the transport of electrons and holes to electrodes. Transport efficiency of electrons and holes to electrodes is decreasing with the rise of path they are to cover. Hence, when designing a photovoltaic structure, we should endea− vour to obtain maximum surface density of generated exci− tons, but with the application of possibly the thinnest com− ponent layers. Influence of active layer's thickness and its 3D morphology on the parameters of the solar cell is discussed in discussed in Ref. [33] .
Full optimization of photovoltaic structures can be ob− tained by integrating the optical model with the electrical one.
Conclusions
The paper presents the results of an optical analysis of the organic photovoltaic cell. In the theoretical analysis we applied the full complex optical transfer matrix method 2×2.
Opto−Electron. Rev., 22, no. 2, 2014 E. Gondek The analysis involved the structure of the architecture glass/ ITO/PEDOT:PSS/active layer/Al. The calculations were carried out for a solar cell in which the active layer is a blend of polythiophene and luminophore from the azaheterocyclic group. In the calculations we also allowed for the presence of antireflection coating on glass substrate in the form of a single coating of the refractive index and thickness ensur− ing zero reflection of light from the substrate, for the wave− length of l = 500 nm, with perpendicular illumination of the structure.
In effect of the carried out theoretical analysis the rela− tion between the thicknesses of PEDOT:PSS layer and active layer was determined, for which maximum surface densities of the generated excitons were obtained. Accord− ing to author's knowledge, such results have not been so far presented in literature. It has been demonstrated that by the application of active layers of appropriately high extinction coefficients, we can obtain high surface densities of the gen− erated excitons, when the thickness of these layers is below 100 nm. The application of thinner component layers in a photovoltaic structure will contribute to higher transport efficiency of the electrons and holes to electrodes. The introduction of one−layer reflective structure has small con− tribution to the rise of exciton generation rate. We can pre− sume that the application of multilayer reflective structures can to a larger extent contribute to the reduction of light reflection from a solar cell. For full optimization of solar cells the combined application of optical model and elec− trical model is required.
